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Abstract. Observations of the southern peculiar galaxy NGC 2442 with the Australia Telescope Compact Array in total and 
linearly polarized radio continuum at A6 cm are presented and compared with previously obtained Ha data. The distribution of 
polarized emission, a signature of regular magnetic fields, reveals some physical phenomena which are unusual among spiral 
galaxies. We find evidence for tidal interaction and/or ram pressure from the intergalactic medium compressing the magnetic 
field at the northern and western edges of the galaxy. The radial component of the regular magnetic field in the northern arm is 
directed away from the centre of the galaxy, a finding which is in contrast to the majority of galaxies studied to date. The oval 
distortion caused by the interaction generates a sudden jump of the magnetic field pattern upstream of the inner northern spiral 
arm, similar to galaxies with long bars. An unusual "island" of strong regular magnetic field east of the galaxy is probably the 
brightest part of a magnetic arm similar to those seen in some normal spiral galaxies, which appear to be phase-shifted images 
of the preceding optical arm. The strong magnetic field of the "island" may indicate a past phase of active star formation when 
the preceding optical arm was exposed to ram pressure. 
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1. Introduction 

More than twenty years of observations and modelling have 
shown that large-scale, or regular, magnetic fields pervade 
the interstellar medium in all spiral galaxies (Beck 2000 
I2002> . Observing linearly polarized radio emission is a well- 
established method for investigating the strength and structure 
of such regular magnetic fields, which are often controlled by 
the dynamics of the interstellar gas. 

Large-scale magnetic fields in spiral galaxies lie predomi- 
nantly in the plane of the discs. In normal (i.e. "non-barred") 
spirals, the morphology is usually qualitatively similar to the 
optical appearance of the host galaxy except that the strongest 
regular fields often lie in the inter-arm regions (Beck & 
Hoernes 1996 1. These "magnetic arms" may be caused by en- 
hanced magnetic diffusion in the optical arms (Moss 1998) 
and/or by enhanced dynamo action in the inter-arm regions 
(Rohde & ElstnerEH] Shukurov [TW8l . 

The presence of a stellar bar in a spiral galaxy, on the other 
hand, results in highly non-circular motions of the gas and 
stars in a galaxy. Strong deflection of gas streamlines along 
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shock fronts in the bar region and significant compression of 
the gas have been predicted by Athanassoula ( 1992), Piner et 
al. i 19951 . Lindblad et al. (1996) and Englmaier & Gerhard 
( 1997). Gas in the bar region rotates faster than the bar pattern 
itself and compression regions develop, traced by dust lanes. 
This gas inflow is hard to observe spectroscopically. In addi- 
tion, the processes involved are likely to be interdependent as 
collisions of dense gas clouds and shocks in the bar potential 
may be modified by strong, regular magnetic fields. Theoretical 
models have recently begun to address the relationship be- 
tween magnetic fields and gas flows in barred spirals (Moss 
et al. l200TV 

Radio observations of the SBc galaxy NGC 1097 indi- 
cate that the regular magnetic fields in barred galaxies differ 
markedly from those we see in non-barred galaxies (Beck et 
al. Qp99). Instead of exhibiting an open spiral pattern that is 
qualitatively similar to the optical morphology, the regular field 
appears to be tightly bound to the local gas flow in the bar. Gas 
inflow along the compression region may fuel star formation 
in a dense, inner, circum-nuclear ring, which is also delineated 
by enhancement of the total, mostly turbulent magnetic field. 
In the circum-nuclear ring regular magnetic fields appear spi- 
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ral in shape and so they probably decouple from the gas flow. 
As a result, the regular magnetic fields may facilitate angular 
momentum transfer which results in funnelling of the circum- 
nuclear gas toward the active nucleus. 

We have undertaken radio continuum observations of 20 
barred galaxies with the Effelsberg 100m telescope, the Very 
Large Array (VLA) operated by the NRAO 1 and the Australia 
Telescope Compact Array (ATCA). 2 As this project consisted 
of the first systematic search for magnetic fields in barred spiral 
galaxies, we chose a sample of galaxies with prominent opti- 
cal bars. Ten of the galaxies were observed with the VLA and 
Effelsberg telescopes, the rest with the ATCA telescope. We are 
continuing our research into the magnetic fields and dynamic 
processes in the circum-nuclear regions of barred galaxies with 
detailed observations of a sub-sample of the original galaxies. 
Details are given by Beck et al. (2002 1. 

In this paper, we discuss the southern peculiar galaxy 
NGC 2442. 

2. NGC 2442 

Basic information about NGC 2442 is given in Table 
Following Ryder et al. (200lj), we use a distance of 15.5 Mpc, 
at which 1 " corresponds to 75 pc along the major axis and 82 pc 
along the minor axis. 

The striking appearance of NGC 2442 (see Fig. Q is pre- 
dominantly due to the deformed outer spiral arms so that the 
inner spiral arms look like a huge bar in the NE-SW direction. 
The true bar, leading to the galaxy's optical classification (de 
Vaucouleurs et al. 1991 1, is a small feature running EW, ~ 66" 
(5.0 kpc) long, centred on the nucleus. According to Bajaja et 
al. $T§95\ [T9991 and Mihos & Bothun (fT997l there is also a 
weak, elliptical circum-nuclear ring of molecular gas and star 
formation that has the same major axis orientation as the bar 
and a radius of ~ 12'.'5. 

Two spiral arms emerge from the ends of the bar and pro- 
ceed symmetrically along the NE-SW direction for ~ 2', but 
then become completely asymmetric. The northern arm is well- 
developed, but elongated and bisected by a prominent dust lane. 
It is bent back on itself by over 90°. The southern arm is less 
conspicuous, broader and traversed by many apparently chaotic 
dust lanes (see Fig. [0, and bends by about 180° towards the 
northeast, reaching the left edge of Fig.^ 

The distorted morphology hints at recent tidal interaction or 
ram pressure stripping as the galaxy traverses the intra-cluster 
medium (Mihos & Bothun [T9971 Ryder et al. 120011 . Imprints 
of non-circular rotation are evident from the velocity field, es- 
pecially around the northern spiral arm (Bajaja et al. [1999 
Houghton lT9m 

Recent work referred to by Ryder et al. (2001 1 has shown 
that the group of galaxies in Volans associated with NGC 2442 

1 The National Radio Astronomy Observatory is a facility of the 
National Science Foundation operated under cooperative agreement 
by Associated Universities, Inc. 

2 The Australia Telescope Compact Array is part of the Australia 
Telescope which is funded by the Commonwealth of Australia for op- 
eration as a National Facility managed by CSIRO. 



Table 1. Properties of NGC 2442 



Parameter 


Right ascension (J2000) 


07 h 36 m 23 s :9 


Declination (J2000) 


-69°31'50" 


Type 


SBbc(rs) II 


Major diameter D25 (') 


5.5 


Distance (Mpc) 


15.5 1 


Inclination (0° is face on) 


24° 2 - 3 


PA of major axis 


40° 2 



1 Ryder et al. <2"0OT1 . 

2 Bajaja et al. 1 1999 1. However, Ryder 1 1995 1 argues that the galaxy 
is more highly inclined. 

All other data are from de Vaucouleurs et al. <1991> 



contains more than the three other galaxies originally named 
by Garcia tiTWti : NGC 2397, NGC 2434, and PGC 20690. The 
perpetrator of the alleged interaction, however, remains un- 
clear, particularly in view of the discovery of a large gas cloud 
with obvious streaming structures, HIPASS J0731 - 69, appar- 
ently associated with NGC 2442 and extended to the north and 
west (Ryder et al. l2001t . 

Earlier observations in H 1 (Bajaja & Martin 1985 1 provided 
mass and systemic velocity estimates, while 12 CO(1-0) obser- 
vations with SEST (Harnett et al. [T99Tl Bajaja et al. [T993t pro- 
vided the velocity field of the molecular gas. 

The I2 CO(1-0) distribution correlates remarkably well 
with the Molonglo Observatory Synthesis telescope (MOST) 
A35 cm emission presented by Harnett ( 1984 1. Both SEST and 
the MOST have angular resolutions ~ 43". ATCA images in 
Hi and A20 cm continuum (Houghton 1998 1 also posses simi- 
lar morphological characteristics except that H 1 is weak in the 
galaxy's centre. 

Between 5 GHz and 408 MHz, the radio spectral index is 
a = -0.92+0.08 (S cc v") (Harnett [T984l : this indicates that the 
dominant radio continuum emission mechanism is synchrotron 
radiation rather than thermal processes. 

3. Observations and data reduction 

In the continuum observation mode at the ATCA, data are ac- 
quired in two independent linear polarizations. The standard 
ATCA primary flux density calibrator J1934-638 was observed 
at the start and end of each synthesis observation and secondary 
(phase) calibrators were observed regularly to give good paral- 
lactic angle coverage. In Table [2] we present particulars of the 
A6 cm ATCA observations of NGC 2442. 

The MIRIAD data reduction package (Sault & 
Killeen 1998) was used for data reduction. Each data set 
of total bandwidth 128 MHz and 32 channels was edited 
and calibrated separately, data from all observations were 
then combined and reduced in the standard way (Ehle et 
al. [T996 Sault & Killeen 1998 1. Images shown here were 
made excluding 6-km baseline data. 
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Table 2. Observational data at A6 cm (5170 MHz) for 
NGC 2442 



NGC 2442 5.8cm ATCA Total Intensity + B-vectors HPBW=10" 



-69 29 



Date 


Configuration 


Time on source (h) 


1996 Jan 19 


750C 


3 


1996 Feb 9+ 11 


750B 


4 


1996 Nov 2 


750A 


10 


1998 Mar 25 


375 


9 


2000 Dec 31 


750C 


11 



Stokes Q and U parameter maps were used with the 
MIRIAD polarization software to generate images of linearly 
polarized intensity (PI, corrected for positive bias) and position 
angle (PA). The final maps of total and polarized intensities at 
10 " resolution are shown in Figs.[2and|2] 

We also obtained data for NGC 2442 at /113 cm from the 



ATCA. Details are given in Beck et al. (2002i. The map of to- 
tal intensity at A 13 cm suffers severely from missing short spac- 
ings as only the 1 .5 km array configuration was used, whereas 
the A6 cm observations utilised both the 750 m and 375 m ar- 
rays. Polarized intensity is weak at A13 cm; significant signal- 
to-noise ratios are reached only after smoothing to 45" (Fig.|4}. 

With only one total intensity map at high angular resolu- 
tion, we were unable to separate the thermal and non-thermal 
(synchrotron) emission components. The typical average ther- 
mal fraction in spiral galaxies at A6 cm is 20% (e.g. Niklas et 
al. 1997 1, but may locally reach ^ 50% in star-forming regions. 

For comparison with the radio images, we made a con- 
tinuum subtracted Ha map (see Fig.|2) using observations of 



NGC 2442 by Ryder & Dopita J1993t . smoothed to a resolution 
of 10". 



4. Results 

In Figure ^ we present the total A6 cm continuum emission 
from NGC 2442 as a contour plot with B-vectors (the ob- 
served orientation of the electric polarization vector rotated 
by 90°, without correction for Faraday rotation), their lengths 
proportional to the polarized intensity, overlaid on a Digital 
Sky Survey (DSS) image. The restoring HPBW is 10". The 
integrated total flux density within a radius of 3' is S = 
123 + 12 mJy and the integrated polarized intensity (Fig.|2) is 
20±5 mJy, giving an overall degree of polarization of 16 + 4 %. 
Both images have an rms noise 25 yt/Jy/beam. The total flux den- 
sity is significantly higher than the 74 ± 4 mJy reported by Beck 
et al. (2002 1, probably due to a baseline error in the earlier map. 
Using a A6 cm flux density of 80 ± 10 mJy, Harnett (T5I3J de- 
rived a spectral index of a = -0.92 (S oc v°) for NGC 2442 - 
unusually steep for spiral galaxies (Condon 1992 1. The higher 
flux density determined using our new A6 cm map is compati- 
ble with a flatter spectral index of a -0.75, more typical for 
spiral galaxies. 

The total intensity arms are noticeably wider than the Ho- 
arms shown in greyscale in Fig.|2] a clear indication that much 
of the radio continuum emission is non-thermal and that cosmic 
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Fig. 1. NGC 2442: Total A6 cm emission shown as contours 
overlaid on a greyscale image from the DSS. The half-power 
width (HPBW) of the synthesized beam is 10". Contours are 1, 
2, 4, 8, 16, 32, 64 x the basic contour level of 10 _1 mJy/beam. 
Straight lines are E-vectors rotated by 90°, not corrected for 
Faraday rotation, lengths scale with polarized emission and 1" 
represents 10~ 2 mJy/beam. 



ray electrons diffuse a long way from their presumed sources 
in supernova remnants. In general, the structure in total inten- 
sity mimics the large-scale optical morphology to at least the 
40 yuJy/beam level. Emission from the deformed spiral arms and 
the nuclear region, where the peak intensity of 8.8 mJy/beam 
occurs, are all apparent in Figure ^ The small optical bar is 
barely visible. There is no circum-nuclear ring in radio con- 
tinuum, even with our best angular resolution of 10". The 
most striking aspect of the emission is the steep gradient at 
the outer edge of the prominent northern arm. In the follow- 
ing, we will call the extended northern arm the "peninsula". 
Here the emission runs parallel and close to the well-delineated 
dust lane. There is also a local maximum of 2.0 mJy/beam at 
RA 07h 36m 20s, DEC -69° 30' 30", that appears to coincide 
with two optically prominent H n complexes. Diffuse emission 
also extends to the west and south in the region enclosed by 
the northern arm, where no optical counterpart is apparent. We 
will call this area around RA 07h 36m 20s, DEC -69° 31' the 
"bay" in our discussion below. 

In regions where spiral arms turn suddenly, theoreti- 
cal models predict enhanced turbulence and velocity shear 
(Roberts et al. WM Athanassoula lT^l Lindblad et al. [l996l . 
Increased star formation and tangling of magnetic field lines 
are expected to result in an increase in total synchrotron emis- 
sion, but also lower the degree of polarization. We see some 
evidence of this at the ~ 90° bend in the northern arm, where 
strong Ha emission and strong total radio emission of up to 2 
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NGC2442 5.8cm ATCA Polarized Intensity + B-vectors HPBW=10" 
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Fig. 2. NGC 2442: Polarized emission at Ah cm shown as con- 
tours overlaid on a greyscale image of Ha emission. The half- 
power width (HPBW) of the synthesized radio beam is 10" and 
the Ha image has been smoothed to this resolution. Contours 
are 3, 5 x the basic contour level of 25 yuJy/beam. Straight lines 
are E- vectors rotated by 90°, not corrected for Faraday rota- 
tion, lengths vary with polarized emission and 1" represents 
lOyuJy/beam 
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Fig. 3. NGC 2442: Polarized emission at A6 cm shown as con- 
tours overlaid on a greyscale image from the DSS. The half- 
power beam width (HPBW) is 45". Contours are 1, 1.5, 2, 2.5, 
3, 3.5 x the basic contour level of 4 x 10~ 2 mJy/beam. Straight 
lines are E-vectors rotated by 90° and corrected for Faraday ro- 
tation, thus showing the orientation of the plane-of-sky regular 
component of the magnetic field in NGC 2442. The lengths of 
the "vectors" vary with polarized emission and 1" represents 
63juJy/beam. 



mJy/beam is detected, whilst the linearly polarized component 
rapidly disappears (see Figs.^&E}- 

South of the nucleus, the A6 cm image (Fig.^ reveals ex- 
tended, smooth emission from the less well-defined southern 
arm, with local maxima and a sharp western edge. To the south- 
east, the emission follows the faint southern spiral arm after it 
has turned. There is a local maximum near to the turn itself. 
Only small patches of polarized emission are detected near the 
southern arm (Fig.|2). 

No enhanced emission was detected from the position of 
SN1999ga- PvA 7h 36m 17s, DEC -69° 33' 22" (Woodings et 
al. l!999l . 

First seen in the MOST images (Harnett 1984 1, significant 
large-scale non-thermal emission to the east is visible in Fig.^ 
without any optical or Ha counterpart. The extremely high de- 
gree of polarization makes this feature prominent in polarized 
intensity (Fig.|2j. In the following, we will refer to this feature 
as the "island" (see Sect. 15. 4> . Note that none of the three re- 
gions - the peninsula, the bay and the island - are artifacts of 
resolution (compare Figs.[3]and[3}- 

The orientations of the B-vectors and the extent of the po- 
larized emission are presented in Fig. 13 as overlays on an Ho- 
image. The large-scale regular magnetic field is patchy with 
maximum extent along the peninsula; note that the ridge of 
polarization along the peninsula is clearly shifted to the out- 
side of the Ha arm. From the regions of turbulence, where the 
arms turn suddenly and strong wavelength-independent depo- 



larization is expected to occur, the polarized emission from the 
northern arm abruptly weakens. No polarized emission was de- 
tected from the turn in the southern arm. Generally in the south- 
ern arm, only weak polarized emission is evident. We detected 
some diffuse polarized emission after smoothing (see Figs. [3] 
Figure|3]shows the orientation of the plane-of-sky com- 
ponent of the regular magnetic field in NGC 2442, obtained 
by rotating A6 cm E-vectors by 90° and correcting for the ef- 
fects of Faraday rotation (Fig. [5}. The regular field is thought 
to lie predominantly in plane of most disc galaxies (Beck et 
al. 1996 1, in which case Fig. [3] shows the intrinsic orientation 
of the regular magnetic field in NGC 2442. Note that Fig. 
has been generated by smoothing the A6 cm polarized emission 
(displayed in Fig. |2j by a factor of 4.5 to match the angular 
resolution at A 13 cm (Fig.|^l. The corrected vectors are plotted 
only where polarized emission at both wavelengths is above the 
3x the noise level. 

The best-aligned and strongest regular fields are located 
along the inner northern arm, the peninsula, and at the island 
and the bay. In the peninsula, the vectors are coherent over 
~ 90" - 7 kpc and are generally oriented parallel to the 
dust lane, which may be a sign of a large-scale shock (see 
Sect. l5~3~TV 

Faraday rotation measures (RM) between A6cm and 
A13 cm are shown in Fig. [3] at a resolution of 45" (no correc- 
tion for Faraday rotation due to the Milky Way foreground has 
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Fig. 4. NGC 2442: Polarized emission at A13 cm emission 
shown as contours overlaid on a greyscale image from the 
DSS. The half-power beam width (HPBW) is 45". Contours 
are 1, 2, 4, 8, 12, 16, 32, 64 x the basic contour level of 
7 x 1CT 2 mJy/beam. Straight lines are E-vectors rotated by 
90°, lengths vary with polarized emission and 10" represents 
5 x 10~ 2 mJy/beam 



been applied). Two large, coherent patches of RM are visible: 
at the position of the island, where 18 < RM < 27 rad m -2 , and 
at the peninsula, where -60 < RM < -35 rad m -2 . The smooth 
variation and constant sign of the RMs in these two patches 
means that the magnetic field has a coherent, uni-directional 
regular component (see e.g. Beck et al. 11996 for more details 
on Faraday rotation and galactic magnetic fields). 

The different signs of RM in the island and peninsula seem 
to indicate that the regular field is pointing in different di- 
rections. However, the island is located near the minor axis 
(which has a position angle of 130°) of the projected galaxy 
plane where any plane-parallel, predominantly azimuthal, reg- 
ular field has only a small line-of-sight component. Hence, 
we suspect that the positive RM in the island is due to the 
foreground plasma in the Milky Way; indeed, values around 
+20 rad irT 2 are consistent with the foreground RM expected 
near Galactic coordinates / ^ 280°, b - -20° (Han et al. 
19971. If so, the measured RMs from the peninsula are also 
affected by the foreground RM and the intrinsic values in fact 
are -90 <RM< -55 rad rrT 2 . Assuming trailing spiral arms, we 
learn from the velocity field (Bajaja et al. 1999) that the north- 
western side with the peninsula is the far side of the galaxy. 
This means that the radial component of the regular magnetic 
field is directed away from the centre of the galaxy (if we as- 
sume that the regular field lies predominantly in the plane of 
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Fig. 5. NGC 2442: Rotation measures between A\3 cm and 
A6 cm shown as a greyscale image with contours representing 
the total A6 cm emission with a HPBW of 45". Contour levels 
are 1, 2, 4, 8, 12, 16, 32 x the basic contour level of 2 x 10 1 
mJy/beam 

the galaxy), in contrast to the majority of galaxies studied so 
far (Krause & Beck lT998l . 

5. Magnetic field properties 

5. 1 . Asymmetry of A6 cm emission 

To investigate the symmetry of the emission in NGC 2442, we 
have averaged the flux density in two regions separated by the 
minor axis. The intense emission all along the northern arm 
results in a strong asymmetry in total intensity. We find the 
north/south ratio of polarized A6 cm flux densities in the two 
regions to be, rather surprisingly, only 1.6 compared to 3.4 for 
the total emission. While the polarized emission shows distinct 
features only in the northern half, there is weak diffuse polar- 
ized emission in the southern half (Fig. [3}. 

5.2. Local magnetic field strengths 

Table [3] lists the mean total, non-thermal and polarized inten- 
sity as well as the magnetic field properties of the island, inner 
northern arm at the turning point, peninsula and bay. The to- 
tal magnetic field strength B tot is estimated assuming energy 
equipartition between cosmic ray particles and the magnetic 
field (e.g. Longair 1994 p.292). The strength of the regular 
magnetic field B reg is derived from the degree of polarization. 
The following assumptions are used: the depth of the emit- 
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Table 3. Total power, polarized intensity and equipartition magnetic field strengths in NGC 2442 



Island Northern arm at turn Peninsula Bay 



Mean total intensity (/Jy/beam) 


198 


±23 


1606 


±22 


593 


±22 


271 


± 17 


Mean non-thermal intensity (/Jy/beam) 


198 


±23 


1166 


±22 


415 


±22 


68: 


t 17 


Mean polarized intensity (jj Jy/beam) 


102 


±23 


87 i 


:22 


77: 


t22 


101 


± 17 


Percentage polarized emission 


52 ± 


13% 


7± 


2% 


19 i 


:5% 


36 h 


:9% 


Total magnetic field strength (fiG) 


16 


±5 


26 


± 8 


20 


±6 


16 


±5 


Regular magnetic field strength (j-iG) 


13 


±4 


7 i 


: 2 


9: 


t3 


10 


± 3 



Notes: errors in radio emission intensities are the rms noise weighted by the area over which the average emission was calculated; errors in 
equipartition magnetic field strengths are estimated to be 30% (see the text for details). 



ting layer is 1 kpc, the ratio of the energies present in rela- 
tivistic protons to electrons is 100, the low energy cutoff for 
cosmic ray protons is 300 MeV, and the synchrotron spectral 
index is a -0.9 (Harnett 1984). We integrate over a fixed 
energy interval in the cosmic-ray spectrum to obtain the to- 
tal energy density of the cosmic rays independent of the mag- 
netic field strength (see Beck 2000 1. The thermal fraction in 
the spiral arms and the bay is assumed to be 30%, but the 
emission from the island at A6 cm is taken to be completely 
non-thermal, as indicated by the high percentage of polarized 
emission and absence of Ha emission. Most of these assump- 
tions are canonical, based on estimates for the Milky Way and 
a few other galaxies, and are clearly subject to large errors. 
The derived magnetic field strength is proportional to the power 
(3 - a) =i 1/4, so even large uncertainties cause only small 
errors in the deduced field strength; we estimate typical errors 
of ±30%. 

The total magnetic field strength is high in the northern spi- 
ral arm, probably as a result of stronger driving of interstellar 
turbulence by, for example, star formation and gravitational in- 
stabilities. The very highly polarized emission in the island and 
bay means that the field here is mostly regular. If the equipar- 
tition assumption is valid, the regular magnetic field strength 
estimates of B reg ^12 fiG are very high, comparable to B reg in 
the magnetic arms of NGC 6946 (Beck fT996l . 

5.3. Comparison of total and polarized radio emission 
at A6 cm 

In Figure [5] we show the positions of slices through the arms 
of NGC 2442, that we used to compare the emission in to- 
tal power, polarized emission, infrared K-band (Ryder unpub- 
lished) and Ha. We found that the K-band and Ha have similar 
normalized profiles and therefore we only present Ha data. For 
each slice, the position of the label denotes the left end of the 
x-axis inFigs.0[8j&E] 

Before making the slices 'N' and 'S' we smoothed the radio 
and Ha maps at original resolution (10" x 10") with a highly 
elliptical, 10"x30" beam, with the major axis of the smoothing 
beam oriented parallel to the local direction of the arm. This has 
a similar effect to averaging several neighbouring slices, and so 
reduces the risk of developing an interpretation of the emis- 
sion profiles based on an atypical slice. As a further check we 



made more slices through the original maps, not shown here, 
and found that the cross-section obtained following smoothing 
with an elliptical beam is a representative, average profile. The 
smoothing also increases the signal to noise ratio of any diffuse 
emission, especially in the weak southern arm, without losing 
resolution in the direction perpendicular to the arm. Slice 'E' is 
based on the original unsmoothed map. 




Fig. 6. NGC 2442: DSS image of NGC 2442 showing positions 
of slices discussed in the text. The position of the label on each 
slice shows the left end of the x-axis in Figs.0[8]&[9] 



5.3.1 . The peninsula: Slice N 

Figure shows that whilst the profile of the strongest peak in 
polarized emission (PI) has an approximately Gaussian profile, 
the total power (TP) profile is asymmetric, broader and is dis- 
placed by 5" or approximately half a beam-width. As long as 
the signal to noise ratio of the peaks are sufficiently high this 
displacement is reliable even though the shift is less than the 
beam-size 6. To illustrate this, assume that the signal at a peak 
has a Gaussian profile S \ = Soexp(-(x - x') 2 /(8) 2 ) with am- 
plitude So, centred on x' and that this signal is combined with 
random noise that serves to produce a second maximum within 
the beam S 2 = N^S(x - x')/8, of amplitude No shifted by a ran- 
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Fig. 7. Slice across the bay and the peninsula (position N in 
Fig. |6}. South is to the left. Upper panel : total (solid line) 
and polarized (dashed line) A6 cm emission, both smoothed to 
a beam of 10" x 30" oriented parallel to the spiral arm. Middle 
panel : Ha emission. Bottom panel : 'B-vector' position angles 

dom factor 6 from the true peak. Expanding S\, adding S i to 
S 2 and differentiating gives an estimate for the positional accu- 
racy of the peak Ax in terms of the beam-size 6 and the signal 
to noise ratio S o /No 

Ax , (1) 

25 o 2S Q /N ' 

where we conservatively assume that the noise has a maximum 
right at the edge of the beam (i.e. 6 = 1). With TP = 500//Jy, 
o~jp = 25/Jy, PI = HOjt/Jy and cr PI = 25^/Jy at the peak in 
slice N, using Eq. [2 we expect the error in position of the TP 
peak to be +0.5" and that in PI to be ±2". 

Given the distance of 15.5 Mpc, the emission maxima are 
separated by ~ 400 pc. The peak of the Ha and TP profiles 
coincide exactly, but the former is narrower (Fig. middle 
panel). We conclude that along this slice, the strongest total 
emission (comprising thermal + non-thermal emission) coin- 
cides with a region of significant star formation, as indicated 
by the Ha profile. This coincidence is in obvious contrast to 
the inner northern arm (Fig. [8} and indicates that the penin- 
sula is not subject to density-wave compression, where a shift 



between the peaks of thermal and non-thermal emission is ex- 
pected (Sect. l5~3~2l >. 

The polarized emission and therefore the regular magnetic 
field is strongest toward the outer edge of the peninsula, i.e. to 
the north of the star-forming region (Fig. [7}. This shift between 
the total and polarized emission could be due to Faraday de- 
polarization within the northern arm. Intrinsic Faraday rotation 
measures between A6 cm and A\J> cm are =s -70 radirT 2 in the 
peninsula (Sect.|^. Another estimate of the amount of Faraday 
rotation is based on the variation of polarization angles (Fig.0 
bottom panel); the angles in the spiral arm, around the peak in 
total emission, are smaller by about 20° compared to the an- 
gles on either side, which corresponds to a Faraday rotation of 
=i -90 rad/m 2 and to very weak depolarization by differential 
Faraday rotation of 0.92 (see Sokoloff et al 1998 for a detailed 
discussion of Faraday depolarization). This is insufficient to ac- 
count for the difference in degree of polarization (p = PI /TP) 
between the peak in TP, where p = 18%, and the peak in PI, 
where p = 24%. Depolarization by Faraday dispersion in the 
turbulent magnetic field of the peninsula is another possibility. 
However, if the shift in the PI peak is a product solely of depo- 
larization in a thermal plasma, we would expect the PI profile 
to be symmetric about the Ha profile. In other words, there 
should be a PI minimum in the peninsula which is not the case. 

Our favoured explanation for the displacement of the reg- 
ular field is ram pressure exerted by the intergalactic medium. 
The velocity field is strongly distorted in the peninsula (Bajaja 
et al. 1999 1. Ram pressure would increase the strength of the 
magnetic field component perpendicular to the direction of the 
pressure and tend to turn the B-vectors perpendicular to the 
streaming velocity of the intergalactic medium, which we as- 
sume to be roughly in the N-S direction. This agrees reason- 
ably well with the observed position angles of the B-vectors in 
this region of about 90°. 

Highly polarized radio emission at the outer edges of spi- 
ral arms due to ram pressure was also detected in NGC 2276 
(Hummel & Beck ll995> and in the Virgo galaxy NGC 4254 
(Soida et al. 1996 1. Polarized emission is a very sensitive tracer 
of such compression effects. 

Tidal interaction may be another reason for the distorted 
peninsula and its sharp outer edge, as demonstrated by N- 
particle models (e.g. Combes et al. 119881 1. Observations of 
Hi by Houghton ( 1 998i indicate gravitational disturbances 
in the velocity fields of two galaxies near to NGC 2442, 
[VC2]073649. 1-691448 and ESO059-G006. Ram pressure 
should compress H i gas along the outer edge of the peninsula, 
whilst no systematic shifts between gas, magnetic fields and 
star-forming regions are expected in tidal arms. Furthermore, 
tidal interaction can generate huge clouds of Hi gas outside 
the spiral arms, but no such clouds were detected by Houghton 
ltT99lfll . 

Another explanation is that slice N lies outside the co- 
rotation radius so that the pattern speed is faster than the speed 
of the gas orbits about the galactic centre. Star formation is 
triggered by the compression of the gas, where the arm catches 
up with it, i.e. to the north of the northern spiral arm. If the 
regular field were subsequently randomized by turbulence as- 
sociated with these processes, we would expect the polarized 
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emission to peak on the outside of the peninsula. In strongly 
barred galaxies the co-rotation radius lies at the ends of the 
bar. Although NGC 2442 has only a weak, short bar, it seems 
possible that the large-scale distortion of the spiral arms, par- 
ticularly to the north-east, acts in the same way as a strong bar 
(Houghton 119981 1. To test the co-rotation assumption, we re- 
quire velocity field data and accurate modelling of the pattern 
speed. 

5.3.2. The inner northern arm: Slice E 

The upper panel of Fig. [8] displays the profile of TP and PI 
in the direction E-W across the inner northern arm. Note that 
the map was not smoothed by an elliptical beam prior to mak- 
ing the slice; this method is only appropriate when the Stokes 
parameters I, Q & U are roughly constant in the direction per- 
pendicular to the slice. 




20 40 60 

Position along slice in orcsec 

Fig. 8. Slice across the northern arm (position E in Fig. [6). East 
is to the left. Upper panel : total (solid line) and polarized 
(dashed line) A6cm emission, both at the original 10" x 10" 
resolution. Middle panel : Ha emission. Bottom panel : 'B- 
vector' position angles 

Here there is a slight displacement between the peaks in TP 
and PI emission. However, the PI peak is significantly broader 



than that in TP and the PI peak in slice 'N'. This indicates that 
the PI peak is not generated by a ram pressure or a density 
wave shock. The orientation of the B-vectors (see lower panel 
of Figure [8} jumps suddenly by ~ 40°, from a 20° in the arm 
to a 60° in the bay. 

This situation is similar to that detected across the bar in 
NGC 1097 (Beck et al. 1999), where the regions of enhanced 
total emission (TP) coincide with the dust lanes along the bar, 
while the polarized emission is much broader and extends far 
into the upstream region. About 1 kpc upstream of the dust 
lane, the position angles of the B-vectors change abruptly, 
which is indicated by a region of zero polarized intensity. Beck 
et al. ( 1999 1 conclude that a shear shock, due to the bar's gravi- 
tational potential, is responsible for both the deflection and am- 
plification of the magnetic field. 

We see an indication of such a field deflection in 
NGC 2442, but our resolution does not match that of the 
NGC 1097 image. We propose that a similar situation exists 
in NGC 2442 due to the bar-like distortion of the inner spiral 
arms. This means that the magnetic field along the "bar" aligns 
well with the local gas streamlines. We predict a sharp change 
in the velocity field profile. 

The peak in Ha emission is shifted a 5" east, or down- 
stream, of the TP peak. This offset is consistent with the inter- 
pretation that the gas at this radius rotates faster than the spiral 
pattern speed. In this case, gas and magnetic field are com- 
pressed when the gas enters the arm from the west, followed 
by star formation further downstream. 

5.3.3. The southern arm: Slice S 

Figure|5]shows a slice through the southern spiral arm marked 
S in Fig. |6] In this region, the TP emission is more extended 
and diffuse and the PI is patchy even after smoothing with a 
beam extended parallel to the arm. The position angles of the 
B-vectors are roughly constant across the inner arm. There is an 
indication from our slice profile of the PI peak being shifted to- 
ward the outer edge, but the emission is very weak and patchy 
and may not be shaped by large scale processes. Nevertheless, 
both the sharp western edge of the spiral arm and the shift be- 
tween the PI and TP peaks in Fig.|9]resemble the conditions in 
the peninsula (Fig.0 and indicate that ram pressure may also 
act onto the southern arm. 



5.4. The island 

The island is displaced from the northern spiral arm by ~ 5 kpc 
- measured in the galaxy's plane - and is ~ 5.5 kpc long in the 
high resolution map (Fig. |2). Here the continuum emission is 
strongly polarized, up to 46% of the total emission. There is no 
detected Ha counterpart. 

Without star-forming activity the island probably does not 
contain the sources of the cosmic ray electrons producing 
synchrotron emission. Hence, the relativistic particles have to 
travel about 5 kpc, from the nearest star-forming regions, with- 
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Fig. 9. Slice across the southern arm (position S in Fig. |6j. 
East is to the left. Upper panel : total (solid line) and polar- 
ized (dashed line) A6 cm emission, both smoothed to a beam of 
10" x 30" oriented parallel to the spiral arm. Middle panel : Ha 
emission. Bottom panel : 'B-vector' position angles 

out significant energy losses. The timescale for synchrotron en- 
ergy losses can be approximated by 



8.35 x 10 9 yr 



(2) 



Vv(MHz)/16 (ZW(yuG)) 15 ' 

(Lang 1998 Sect. 1.25) where B tol± ~ B lot is the plane-of-sky 
component of the total magnetic field. The streaming velocity, 
and hence the diffusion timescale, for the cosmic ray electrons 
is thought to depend on scattering of the particles by plasma 
waves. Avoiding complications, such as the statistical nature 
of interstellar turbulence and the magnetic field geometry, we 
make a crude assumption that the electrons stream at the Alfven 
speed va = B tot /2 yjnp where p is the mass density of the fully 
ionised gas (e.g. Longair ll994l Sect. 20.4), and so the diffusion 
timescale to reach the island is 



L 

td - —, 



(3) 



significant energy requires that t c { < t e . Combining Eq. [5] and 
Eq. 13 we obtain an upper limit on the product of the thermal 
electron density of the ISM and the magnetic field strength, 



B tot (^G)» e (cm- 3 )<0.21, 



(4) 



where we have assumed that the ISM is fully ionised hydro- 
gen and n e is the thermal electron density. For a total mag- 
netic field strength between the northern arm and the island of 
Bioi ^ 15 pG (similar to that in the bay), Eq. Ogives an upper 
limit of « e 55 0.003 cirT 3 . Weaker magnetic fields or a denser 
ionised ISM would result in too slow an Alfven speed for the 
cosmic ray electrons to reach the island, from their presumed 
sources near star forming regions. 

If the cosmic ray electrons in the island are older than in 
the northern arm, their spectrum should steepen with distance 
from the places of origin. Unfortunately due to missing spacing 
problems at /113 cm, we have only single-frequency informa- 
tion on the total intensity emission from NGC 2442. Our maps 
of polarized intensities cannot be used for spectral index studies 
because of wavelength-dependent depolarization mechanisms. 
Total intensity maps at other frequencies are needed. 

Could the island be due to compression of the magnetic 
field ? Compared to the compression feature in the peninsula, 
the island is too broad and, more importantly, on the "lee" side 
of the galaxy where no enhanced compression by ram pressure 
is expected or evident. 

Could the island with its well-aligned vectors be the signa- 
ture of a "magnetic arm" of the type seen between the optical 



where L is the distance from the spiral arm to the island. For the 
cosmic ray electrons to reach the island before radiating away 



arms of galaxies such as NGC 6946 (Beck & Hoernes 1996 
Frick et al. 2000 1? In Table [3] the estimated regular mag- 
netic field strength is comparable to that of the magnetic arms 
in NGC 6946. The images at 45" resolution (Figs. and g) 
show that the island extends to the north, indeed approach- 
ing the shape of a magnetic arm. Further, the B-vectors in the 
smoothed A6 cm map (Fig. [3} are oriented parallel to the inner 
northern spiral arm, even though they are ~ 5 kpc downstream 
of the arm. This alignment can hardly be pure coincidence. 

Another explanation, in view of the results presented above, 
is that the regular field is oriented with the B-vectors parallel to 
shear motion in the tidal gas flow of the disturbed galaxy. The 
island might then represent a region of strong shear which en- 
hances the magnetic field. The published velocity field (Bajaja 
et al. 119991 does not include the island region. Better data on 
Faraday rotation could test this possibility: sheared random 
magnetic fields generate strong polarized emission but little 
Faraday rotation whereas dynamo generated magnetic arms are 
strong in both quantities. 



6. Conclusions 

6.1. Summary of the observations 

Our ATCA maps of the southern peculiar galaxy NGC 2442 in 
total and polarized intensity at A6 cm and in polarized intensity 
at Al 3 cm, in comparison with our new Ha map, reveal the 
following features : 
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- The spiral arms in total intensity are strongly deformed, 
like a large oval distortion, similar to the optical arms. The 
small optical bar is barely visible in radio continuum. 

- The steep gradients in the radio emission at the northern 
and western edges indicate compression of the total magnetic 
field. 

- Along the spiral arms, the peaks in total intensity agree 
well with those in Ha, but synchrotron emission makes the ra- 
dio arm - and hence the magnetic field and cosmic ray distri- 
butions - broader than the Ha arm. 

- The regular magnetic field has an unusual morphology 
and is concentrated along the outer northern arm (the "penin- 
sula"), in the region enclosed by the northern arm (the "bay"), 
and in an "island" separated by about 5 kpc from the inner 
northern arm to the east. 

- The regular magnetic field in the peninsula is systemat- 
ically shifted outwards with respect to the spiral arms seen in 
total intensity and Ha by ~ 400 pc. We interpret this as an in- 
dication of ram pressure exerted by the intergalactic medium. 

- Across the inner northern arm, the orientation of the B- 
vectors jumps suddenly by ~ 40°. This behaviour is similar 
to a shear shock in the barred galaxy NGC 1097 (Beck et al. 
I1999> . and indicates the presence of a major oval distortion of 
the gravitational field in NGC 2442. 

- The highly polarized "island" is probably the peak of a 
magnetic arm between the two spiral arms, similar to the mag- 
netic arms previously found in normal spiral galaxies. If mag- 
netic arms are phase-shifted images of the preceding optical 
arm, the strong polarized emission from this feature may re- 
flect a phase of strong star formation about 10 8 y ago, when the 
southern arm was exposed to ram pressure. 

- The total magnetic field strength reaches 25/iG in the 
inner northern arm. The regular field strength in the island is 
^ 12//G. Both values are higher than is usual for spiral galax- 
ies. 

6.2. Some astrophysical implications 

Our observations of NGC 2442 show that polarized radio emis- 
sion is an excellent tracer of field compression due to interac- 
tion with the inter-galactic medium. Similar signatures of in- 
teraction have been identified in two other galaxies, NGC 2276 
(Hummel & BeckH995l and NGC 4254 in the Virgo Cluster 
(Soida etal. [T996l . 

The importance of the magnetic field to the distribution and 
dynamics of the ISM can be gauged by comparing the magnetic 
energy density to the energy density of the gas. In Section l5~2l 
we derived estimates of the total magnetic field strength of 
16yuG in the "island" inter-arm region and 26//G in the north- 
ern spiral arm, assuming equipartition between cosmic ray and 
magnetic field energy densities. These field strengths translate 
into energy densities of f/ B - 1 & 3xl0~ n ergcirT 3 , respec- 
tively. The magnetic energy density in the arms is equivalent to 
that of neutral gas clouds with turbulent velocity 10 km s and 
number density 35 crrT 3 ; this density is of the same order as 
the cold neutral medium in the Milky Way. (We are not aware 
of any measurements of local, neutral gas densities in the spi- 



ral arms of NGC 2442.) In the inner disc of NGC 6946 Beck 
(2004) determined the average density of the neutral gas to be 
20 cnT 3 and the turbulent energy density to be in equipartition 
with that of the magnetic field. 

The importance of the magnetic field in the warm diffuse 
gas can be better estimated. Bajaja et al. ( 1999 1 found a tem- 
perature of T =! 6500 K and volume density of n e — 10 cm" 3 
for a typical Hn region in the northern arm of NGC 2442. 
The thermal energy density inside such a region is C/ t h — 
1 x 10~ H ergcirT 3 , giving a plasma (3 - U t h/UB 0.3; the 
magnetic field may be important for the dynamics and mor- 
phology of H ii regions. A similarly low value for f3 was derived 
for NGC 6946 (Beck l2004l . 

As the cosmic -ray electrons emitting in the island probably 
originate from the spiral arm and lose some fraction of their en- 
ergy during their diffusion, the equipartition assumption gives 
a lower limit of the field strength in the inter-arm region. Such 
a strong field outside star-forming regions is exceptional and 
poses the question of the dynamical importance of the magnetic 
field. Little diffuse Ha emission is observed (Pig. |2j Mihos & 
Bothun 1997 ). We estimated an upper limit of « e 0.003 cm -3 
in the "island" inter-arm region in Sect. 15.41 using the energy 
loss and diffusion timescales of cosmic ray electrons. Taking a 
canonical value of T — 10 4 K for the temperature of the diffuse 
gas we obtain /? 10~ 4 : the magnetic field will be strongly 
dominant in the local dynamics of the inter-arm gas. However, 
note that the energy density associated with galactic rotation is 
several orders of magnitude higher than that of the magnetic 
field. 

The radio emission from the island is highly polarized and 
so is clearly synchrotron radiation. But where do the cosmic 
ray electrons come from? There is no emission in Ha from 
this region, indicating no star formation. The timescale for syn- 
chrotron energy loss at /16 cm in a 15juG field is about 10 7 
years (Eq. whereas a half rotation time - when this region 
would have been part of a spiral arm - is about 10 8 years (us- 
ing =i 250km/s at 8 kpc radius, see Bajaja et al. 1999 1. The cos- 
mic rays most probably originate in the spiral arms and travel 
at least 5 kpc in their lifetime. With an independent measure of 
the gas density, the quality of the assumption that the diffusion 
timescale of cosmic rays is proportional to the reciprocal of the 
Alfven speed (Eq.|3j could be tested against observations. 

The origin of the ~ 5 kpc long, ordered magnetic field 
in the island is not at all clear. Whereas the regular fields in 
the northern arm show strong signs that they are the result of 
compression of a tangled field, the inter-arm regular fields do 
not. Plausible mechanisms for producing strong, well ordered 
magnetic fields away from the spiral arms are enhanced dy- 
namo action and shear arising from differential rotation of the 
gas disc. High-resolution observations of the velocity field, dy- 
namo models and MHD models of the interaction are required 
to test this. 

The images of polarized emission at 45" resolution (Figs. [3] 
and@} indicate that the island is the peak of a "magnetic arm", 
similar to that found in NGC 6946 (Beck & Hoernes 119961 
Frick et al. 2000 1. The magnetic arms in NGC 6946 are phase- 
shifted images of the optical spiral arms preceding in the sense 
of rotation (Frick et al. 2000 1. Possible explanations are slow 
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MHD waves (Fan & Lou 1997), where the waves in gas den- 
sity and magnetic field are phase shifted, or enhanced dynamo 
action in the inter-arm regions (Moss 1998 Shukurov 119981 
Rohde et al. 119991 . In NGC 2442 the preceding gas arm to the 
east has a very small amplitude as seen in the H i observations 
of Houghton ( 1998). However, half a rotation ago (^ 10 8 y, see 
above), this arm was fully exposed to the ram pressure of the 
intergalactic medium and, similar to the peninsula at present, 
probably had a much stronger amplitude in gas density. Star 
formation has ceased since then, but the magnetic field wave 
has survived. Hence, magnetic arms seem to preserve memory 
of the past phase of active star formation. Polarization obser- 
vations with higher sensitivity and Faraday rotation measures 
at a higher resolution are needed to discriminate between the 
possible origins if the "island". 
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